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Abstract

Otto Warburg discovered that cancer cells exhibit a high rate of glycolysis in the presence of
ample oxygen, a process termed aerobic glycolysis, in 1924 (Warburg et al., 1924). Since then we
have significantly advanced our understanding of cancers’ fuel choice to meet their demands for
energy and for the production of biosynthetic precursors. In this review, we will discuss the
preferred nutrients of cancer cells and how they are utilized to satisfy their bioenergetic and
biosynthetic needs. In addition, we will describe how cell intrinsic and extrinsic factors such as
oncogene mutations, nutrient and oxygen availability and other microenvironmental factors
influence fuel choice.

Introduction

The process of cellular proliferation requires the synthesis of new DNA, RNA, cellular
membranes and protein (Vander Heiden et al., 2009). For this reason, rapidly proliferating
cells, such as cancer cells, have increased demands for biosynthetic precursors for the
generation of these macromolecules. In this section, we will discuss the fuels that are used to
meet these demands and how they are used (Figure 1).

Glucose

Highly proliferating cells have a high demand for glucose and increased glycolytic activity
compared to cells with a low rate of proliferation (Vander Heiden et al., 2009). Glucose is
imported into cells via glucose transporters and phosphorylated by hexokinase to glucose-6-
phosphate. This phosphorylation achieves two objectives: it traps glucose inside the cell and
facilitates the entry of glucose into various pathways to provide energy for the cell as well as
carbon atoms needed for biosynthetic processes. Most glucose enters glycolysis where it is
metabolized to pyruvate, while a significant fraction is funneled into pathways for ribose
synthesis, serine and glycine synthesis, phospho-glycerol synthesis and protein
glycosylation. The pentose phosphate pathway supplies both NADPH, which is critical for
defense against reactive oxygen species and for biosynthesis reactions, and ribose-5-
phosphate, which forms the sugar base for nucleotide production for DNA and RNA
synthesis. Ribose-5-phosphate can also be generated from glucose utilizing the
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transaldolase/transketolase pathway in an NADPH-independent manner. The hexosamine-
phosphate pathway is particularly important for glycosylation of proteins that are secreted or
placed on the surface of cancer cells. However, in most cancers, the majority of glucose is
converted to pyruvate, the majority of which is converted to lactate by lactate
dehydrogenase. This final step allows the NADH produced by glycolysis at the step of
GAPDH to be converted back to NAD+, allowing glycolysis to proceed at a high rate.
Although pyruvate can be converted to alanine by transaminases in the cytosol, most of the
pyruvate that is not converted to lactate enters the TCA cycle for the generation of ATP and
additional biosynthetic intermediates, including acetyl-CoA for fatty acid biosynthesis
(discussed below). Thus, increased glycolytic flux is critical for more than just ATP
production, as it supports many biosynthesis pathways for cellular proliferation.

Amino acids

Amino acids are divided into two groups: essential amino acids that cannot be synthesized
de novo, and non-essential ones. Essential amino acids are supplied by dietary sources and
include phenylalanine, valine, threonine, tryptophan, methionine, leucine, isoleucine, lysine
and histidine. Non-essential amino acids are synthesized in the body and include arginine,
cysteine, glycine, glutamine, proline, tyrosine, alanine, aspartic acid, asparagine, glutamate
and serine. However, not all tissues are capable of synthesizing these amino acids and those
that don’t rely on the blood supply for their delivery.

All 20 amino acids are used for protein synthesis, but some have additional biosynthetic
roles to support cancer cell proliferation. Many types of cancer cells use glutamine as a
major source of TCA cycle anapleurosis (Hensley et al., 2013). Glutamine is metabolized to
glutamate via glutaminase and subsequently to the TCA cycle intermediate a-ketoglutarate
by dehydrogenase or transaminase enzymes. Glutamine and glutamate are important
nitrogen donors for the production of serine, alanine, aspartate, asparagine, proline and
arginine. A recent study demonstrated the importance of glutamine-derived asparagine, as
asparagine was sufficient to prevent glutamine withdrawal-induced apoptosis without
restoring other TCA cycle intermediates or non-essential amino acids. Asparagine mediated
survival by suppressing the induction of the stress-responsive protein CHOP without
affecting the induction of the amino acid responsive transcription factor ATF4 (Zhang et al.,
2014) These results demonstrate that asparagine is a key determinant of cellular adaptation
to amino acid starvation. Glutamine also supports lipid generation via the TCA cycle
intermediate citrate, and nucleotide biosynthesis. Glutamate plays an important role in
amino acid exchange, such as through the glutamate/cystine exchanger xCT, which is
essential for the uptake of cystine for glutathione synthesis. However, it is important to note
that, unlike tumor cells in culture, tumors in vivo do not always demonstrate increased
glutamine metabolism compared to normal tissue (Sellers et al., 2015).

The amino acids serine and glycine can be imported from the extracellular environment or
synthesized de novo (Locasale, 2013). De novo synthesis occurs via metabolism of the
glycolytic intermediate 3PG to serine. De novo serine synthesis is enhanced in some cancers
due to the overexpression of the first enzyme in the serine biosynthesis pathway, PHGDH
(Locasale et al., 2011; Possemato et al., 2011). Serine is an important precursor for many
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cellular metabolites including nucleotides, glutathione, cysteine, lipids, polyamines, methyl
donors, and others. Serine metabolism to glycine occurs in the folate cycle, where serine
donates the carbon atom frxom its side chain to folate, converting both serine to glycine and
tetrahydrofolate (THF) to methyl-THF. The folate cycle supports the production of many
macromolecular precursors, including methionine, thymidine and purine nucleotides, the
methyl donor s-adenosylmethionine, and choline for lipid synthesis. The folate cycle also
interacts with the transsulfuration cycle, which supports the production of cysteine from
serine. Cysteine, together with glycine, is a critical amino acid for the synthesis of the
antioxidant glutathione.

Membrane transporters that facilitate the active import of amino acids from the extracellular
space supply much of the cellular amino acid pool. When extracellular concentrations are
low, cells can turn to alternative fuel sources to meet their amino acid requirements.
Pancreatic ductal adenocarcinoma (PDAC) demonstrates a hypovascular state relative to
normal pancreas and other tumor types (Olive et al., 2009). As the blood supply delivers
amino acids in addition to oxygen and glucose, the nutrient environment of PDAC is very
limiting, Indeed, metabolomic comparisons of human PDAC and benign adjacent tissue
revealed that bulk tumor tissue was low in nutrients such as glucose and the amino acids
glutamine and serine (Kamphorst et al., 2015). Extracellular protein has been identified as
an alternative supply source for cellular amino acids. Bar Sagi and colleagues demonstrated
that oncogenic KRAS, which almost universally drives PDAC formation (Downward,
2003), induces the uptake of extracellular protein from the microenvironment in a process
known as macropinocytosis (Commisso et al., 2013). Imported protein is subsequently
degraded by the lysosome to supply intracellular amino acid pools. Macropinocytosis of
albumin was found to support the growth of pancreatic cancer cells cultured under
glutamine-depleted conditions. This study demonstrates that cells can turn to extracellular
protein as a source of amino acids under nutrient limiting conditions. Although
macropinocytosis of protein occurs in vivo in mouse pancreatic tumors (Commisso et al.,
2013), the contribution of this process to tumor amino acid pools has not been established.

Interestingly, Wolpin and colleagues identified that elevated branch-chain amino acids
(BCAAS) in human serum was a predictor for the future development of PDAC (Mayers et
al., 2014). BCAAs are used primarily for protein synthesis; however, conversion of BCAAs
to acetyl-coA can lead to their oxidation for energy production following their entry into the
TCA cycle. PDAC mouse models also demonstrated an increase of BCAAS in the serum
prior to tumor onset, which were derived from fast-twitch muscle and released as a
consequence of protein breakdown (Mayers et al., 2014). PDAC is characterized by a
musclewasting syndrome known as cachexia. These findings suggest that protein breakdown
begins much earlier than previously thought and occurs prior to the onset of clinical
cachexia, although the precise mechanisms regulating muscle breakdown remain to be
determined. It is tempting to speculate that the demand for anabolic amino acids like
glutamine and serine in cancer exceeds the demand for BCAAs, leading to BCAA
accumulation in the serum following protein breakdown. Thus, pancreatic tumors rely on
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protein both from within the tumor and from skeletal muscle to supply amino acid
requirements.

In addition to glucose and glutamine, the oxidation of fatty acids can be a source of ATP.
Caro et al. identified a subtype of diffuse large B cell lymphoma (DLBCL) that
demonstrated increased expression of oxidative phosphorylation genes, a greater reliance on
the mitochondria for ATP generation, and greater oxidation of palmitate than other subtypes
(Caro et al., 2012). Palmitate specifically stimulated the growth of the “ox phos” subtype of
DLBCL, and inhibition of fatty acid oxidation induced apoptosis of these cells. Thus, certain
subsets of cancers demonstrate unique metabolic dependencies that could be exploited for
cancer therapy.

Fatty acids are essential for proliferation because they are required for the generation of new
cellular membranes. Fatty acid synthesis requires the generation of cytosolic acetyl-CoA,
which is predominantly derived from mitochondrial citrate that is cleaved by ATP-citrate
lyase in the cytosol. Under normoxia, this citrate is derived from glucose via pyruvate,
which is converted to mitochondrial acetyl-CoA by pyruvate dehydrogenase. Under
hypoxia, however, pyruvate dehydrogenase is inactivated by pyruvate dehydrogenase
kinase, and reductive carboxylation of glutamine to citrate occurs. While many cancer cells
synthesize fatty acids de novo from acetyl-CoA, some rely on exogenous Sources.
Kamphorst et al. found that hypoxia or expression of oncogenic RAS also increased fatty
acid import in the form of lysolipids (Kamphorst et al., 2013). Thus, under hypoxia cells can
scavenge lysophospholipids to meet their fatty acid requirements, and oncogenic RAS
increases fatty acid scavenging.

While the metabolism of tumor cells has been well studied, the metabolism of cells that
support tumor cell growth is less well understood. Schoors et al. examined the metabolism
of the endothelial compartment and found that CTP1A is critical for vessel sprouting during
angiogenesis (Schoors et al., 2015). CPT1A catalyzes the transfer of the acyl group of long-
chain fatty acyl-CoA onto carnitine, an essential step for the import of long-chain fatty acids
into mitochondria and their subsequent beta-oxidation. Surprisingly, fatty acid oxidation did
not support ATP synthesis or redox homeostasis but rather supported dNTP synthesis for
DNA replication. Interestingly, fatty acid carbons were found to contribute significantly to
the TCA cycle and aspartate, which is used for the synthesis of both purines and
pyrimidines. However, fatty acids cannot substitute for glucose or glutamine for TCA cycle
anapleurosis as no net oxaloacetate can be generated from fatty acid-derived acetyl-CoA.
Curiously, while palmitate could contribute to the citrate pool in some cancer cell lines, it
could only contribute to dNTP synthesis in endothelial cells. These results demonstrate that
tumor-supporting cells have unique metabolic requirements, and suggest inhibition of fatty
acid oxidation may impair angiogenesis in tumors.

Acetyl-CoA is an important metabolite for the function of the TCA cycle and is the sole
carbon source for fatty acid and cholesterol biosynthesis. In addition to citrate, the cytosolic
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pool of acetyl-CoA can be supplied by the ligation of acetate and CoA by acetyl-CoA
synthetase. In cultured cells under normal proliferating conditions, up to 95% of cytosolic
acetyl-CoA is derived from citrate via glucose and glutamine (Kamphorst et al., 2014).
Under hypoxia, however, this amount drops to as little as 50%. Even though BCAA and
fatty acid degradation can generate acetyl-CoA, neither amino acids nor fatty acids were
found to be major contributors to the acetyl-CoA pool under hypoxia. Interestingly, acetate
was identified as the source of the remaining acetyl-CoA (Kamphorst et al., 2014). Acetate
likely supplied the cytosolic acetyl-CoA pool via the cytosolic acetyl-CoA synthetase
ACSS2. The notion that significant acetate conversion to acetyl-CoA may occur in human
tumors is supported by the fact that some tumors can be 10 imaged by 11C-acetate PET
(Grassi et al., 2012). This study demonstrated that cancer cells can utilize acetate to supply
the cytosolic acetyl-CoA pool to support lipid biosynthesis. The ability of cells to scavenge
lysophospholipids (e.g. RAS mutant) vs. synthesize their own from acetate (ACSS2
overexpressing) under hypoxia likely influences fuel choice when lipids or lipid precursors
are limiting.

Factors influencing fuel choice

The metabolism of cancer cells is influenced by both the metabolic program of the cancer
cells (cell-intrinsic regulation) and the metabolic microenvironment of the tumor in which
those cells exist (cell-extrinsic regulation). In this section, we discuss how both factors
cooperate to influence the fuel choice of the cancer cells and other cells in the tumor
microenvironment.

Cell-intrinsic regulation of metabolism

Cancer cells engage metabolic programs that are different from their normal counterparts. In
this section we discuss how cancer cell metabolism is influenced by cell-intrinsic factors
including mutations in oncogenes and tumor suppressors, expression of non-coding RNAsS,
differentiation state, and alterations in mitochondrial activity. These factors impact both the
choice of fuels and how cancer cells use those fuels.

Oncogenic alterations—Among the best-characterized regulators of cell metabolism are
intracellular signaling pathways that are deregulated by oncogene or tumor suppressor
alterations. Indeed, one of the first characterized effects of the proto-oncogenic tyrosine
kinase SRC was inactivation of purified chicken-liver pyruvate kinase M2 in tumor lysates
(Glossmann et al., 1981), leading to the hypothesis that SRC regulates glycolysis. We now
know that PKM?2 is a phosphotyrosine-binding protein, and binding of phosphotyrosine
peptides to PKM2 results in inhibition of PKM2 enzymatic activity (Christofk et al., 2008).
This regulation diverts glucose metabolites from energy production to anabolic processes for
proliferation. Since this initial observation about SRC, many oncogenes have been found to
regulate glycolysis including KRAS, BRAF, MYC, PI3K, AKT, and others (lurlaro et al.,
2014). Indeed, KRAS has profound effects on cellular metabolism by stimulating glucose
uptake, redirecting glucose into the hexosamine and pentose phosphate pathways, and
regulating glutamine metabolism for redox homeostasis (Son et al., 2013; Ying et al., 2012;
Yun et al., 2009).
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Tumor suppressor loss also results in metabolic deregulation. Mutations in the TCA cycle
enzymes fumarate hydratase and succinate dehydrogenase are common in renal cell
carcinoma (RCC) and can directly affect mitochondrial metabolism (Vander Heiden et al.,
2009). Additionally, these mutations lead to activation of the HIF transcription factors
(discussed below), which also occurs following loss of function of the tumor suppressor
VHL, a common occurrence in RCC. Moreover, p53, the most commonly lost or mutated
tumor suppressor in human cancer (Kandoth et al., 2013) and a major metabolic regulator,
functions to limit glycolytic flux, enhance glutaminolysis, and support oxidative
phosphorylation (reviewed in (Kruiswijk et al., 2015). Therefore, loss of p53 results in
enhanced glycolysis and suppression of oxidative phosphorylation. p53 also regulates the
cellular redox state through the modulation of the pentose phosphate pathway and malic
enzyme (Kruiswijk et al., 2015). Furthermore, p53 can modulate cellular responses to
nutrient starvation, and regulate alternative fuel choice by promoting fatty acid oxidation
(Kruiswijk et al., 2015). Additionally, KEAP1 deficiency occurs frequently in non-small cell
lung cancer (NSCLC) and results in the constitutive stabilization of the antioxidant
transcription factor NRF2. In addition to inducing genes involved in ROS defense, NRF2
supports NADPH generation through activation of the pentose phosphate pathway and
regulation of malic enzyme (Hayes and McMahon, 2009; Mitsuishi et al., 2012). Thus,
many of the common genetic alterations in oncogenes and tumor suppressors result in
metabolic alterations that can impose specific nutrient requirements on cancer cells.

While the effects of oncogenes and tumor suppressors on metabolism have been extensively
studied, the effects of metabolism on oncogenic signaling are less well understood. Kang et
al. identified a synthetic lethal interaction between oncogenic BRAFY600E and the ketogenic
enzyme 3-hydroxy-3-methylglutaryl-CoA ligase (HMGCL) (Kang et al., 2015). BRAFV600E
upregulates HMGCL leading to increased abundance of HMGCL in cancers harboring this
mutation, and rendering them dependent on HMGCL expression. Surprisingly, the ketone
product of HMGCL, acetoacetate, was found to enhance binding of BRAFY800E 1o MEK1 to
promote MEK-ERK signaling. Thus, BRAFV600E rewires cellular metabolism in a feed-
forward loop to enhance downstream signaling.

Fine-tuning of metabolism by non-coding RNAs—Alterations in oncogenic and
tumor suppressive proteins are not the only regulatory events that modulate cancer cell
metabolism. Recently, a role for non-coding RNAs has emerged. One of the first examples
of the roles of mMiRNASs in cancer metabolism is the suppression of miR-23a by c-Myc to
upregulate GLS and glutamine metabolism (Gao et al., 2009). Additionally, LIN28, which is
overexpressed in tumors, has been described as a major regulator of cellular metabolism
through the repression of the let-7 family of miRNAs, and through let- 7-independent
mechanisms (Shyh-Chang et al., 2013; Zhu et al., 2011). Importantly, miRNAs may be a
major part of the metabolic regulatory program. Ye et al. found that targeted disruption of
Tscl led to a global reduction in total miRNA levels due to mammalian target of rapamycin
(mTOR)-MDM2-mediated degradation of the critical miRNA biogenesis enzyme Drosha
(YYe etal., 2015). Nutrient limitation, such as glucose starvation, inhibited the activity of
MTOR and led to an increase in mMiRNA biogenesis. The authors identified 4 miRNAs, miR-
297, miR-376-3p, miR-567, and miR-627-5p, which were necessary and sufficient to protect
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cells from glucose starvation-induced apoptosis under conditions of mTOR hyperactivity.
Surprisingly, miR-297 and miR-567 increased Drosha protein by 70%-90%, suggesting that
these two miRNAs may protect cells by increasing Drosha itself. However, miR-376b-3p
and miR-627-5p did not affect Drosha levels and protected against glucose starvation-
induced apoptosis by an unknown mechanism. These results demonstrate that miRNA
biogenesis is a part of the cellular response to nutrient limitation, and warrant further
investigation into the regulation of, and requirement for miRNAs during limitation of other
nutrients.

Influence of tumor stem cell state on metabolism—The differentiation state of
cancer cells can have profound effects on their metabolism and fuel choice. Viale et al.
found that a subpopulation of dormant tumor cells survived withdrawal of KrasG12D
expression and led to the relapse of pancreatic tumors (Viale et al., 2014). These cells
exhibited features of cancer stem cells and relied on oxidative phosphorylation (OXPHQS)
for survival. They also demonstrated sensitivity to OXPHOS inhibitors, which prevented
tumor recurrence. While it is unclear whether the unique metabolism of these cells is a cause
or consequence of their stem-like state, there is evidence that embryonic stem cells maintain
high levels of a-ketoglutarate to promote histone/DNA demethylation to maintain
pluripotency (Carey et al., 2015). In many tumors, cells can undergo an epithelial-
mesenchymal transition (EMT), which is associated with aggressiveness and stem-like
properties. However, the metabolism associated with this transition is poorly understood.
Sabatini and colleagues analyzed metabolic gene expression patterns in a large panel of
cancer cell lines to identify a metabolic gene signature that is present in mesenchymal
tumors. The authors identified a novel role for dihydropyrimidine dehydrogenase (DPYD),
which catalyzes the rate-limiting step in pyrimidine degradation, in EMT during
tumorigenesis (Shaul et al., 2014). EMT-promoting transcription factors induced the
expression of DPYD, and the accumulation of dihydropyrimidines was required for cells to
undergo EMT. Thus, the differentiation state can confer unique metabolic requirements on
cancer cells to alter fuel choice.

Mitochondrial defects dictate cellular responses to nutrient limitation—Cellular
metabolism can also be modulated by the ability of cells to respond to nutrient limitation.
Sabatini and colleagues examined the metabolic dependencies of cancer cells in a
chronically low glucose environment (Birsoy et al., 2014). The authors developed a
continuous flow culture system (Nutrostat) for maintaining proliferating cells in constant
nutrient conditions. The authors found that Jurkat cells cultured at a constant 0.75 mM
glucose concentration proliferated exponentially at a rate that was only slightly less than in
10 mM glucose. However, profound metabolic changes were observed, including decreases
in the rates of glucose consumption and lactate production, and in the levels of ATP and
intermediates in the upper glycolysis and pentose-phosphate pathways. Cells that failed to
increase oxidative phosphorylation due to mitochondrial DNA mutations or impaired
glucose uptake demonstrated defects in proliferation under glucose-limiting conditions.

Mitochondrial impairment results in profound rewiring of cellular metabolism. In cells with
intact mitochondria, pyruvate decarboxylation supplies the TCA cycle to generate citrate.
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During conditions of mitochondrial impairment, such as hypoxia or defects in the TCA
cycle or the electron transport chain, glycolysis is enhanced and a significant portion of
pyruvate is converted to lactate (Metallo et al., 2012; Mullen et al., 2012). The contribution
of glucose to the TCA cycle is diminished, and glutamine can supply citrate through
oxidative decarboxylation of a-ketoglutarate (Metallo et al., 2012; Mullen et al., 2012; Wise
etal., 2011). Mullen et al. found that a-ketoglutarate oxidation was also required to supply
reducing equivalents for reductive carboxylation (Mullen et al., 2014). These data
demonstrate that bidirectional metabolism of glutamine-derived a-ketoglutarate supplies the
TCA cycle in cells with mitochondrial defects, with oxidative metabolism producing
reducing equivalents for reductive carboxylation reactions.

Mitochondrial pyruvate import determines fuel choice—Many cells in culture use
both glucose and glutamine to supply the TCA cycle, with glucose supplying most of the
acetyl-CoA via pyruvate, and glutamine supplying most of the a-ketoglutarate via
glutamate. Entry of pyruvate into mitochondria serves as a gateway between glycolysis,
gluconeogenesis and the TCA cycle. Recently, the proteins involved in pyruvate transport,
MPC1 and MPC2, were identified and found to encode a multimeric complex embedded in
the mitochondrial inner membrane (Bricker et al., 2012; Herzig et al., 2012). Expression of
these proteins regulates pyruvate uptake into mitochondria. Recently, several groups
characterized the effects of blocking entry of pyruvate into mitochondria by targeting the
MPC proteins. Yang et al. found that blocking the entry of pyruvate into mitochondria
enhanced the contribution of glutamine to acetyl-coA (Yang et al., 2014). This observation
was shared by Metallo and colleagues, who sought to examine the role of the pyruvate
carrier on metabolic flux and substrate selection in skeletal muscle (Vacanti et al., 2014).
The authors found that suppression of pyruvate uptake into mitochondria resulted in a
dramatic reduction in the oxidation of both glucose and pyruvate. Surprisingly, however,
both cell growth and mitochondrial TCA cycle metabolism were maintained. The authors
found that TCA cycle anapleurosis was supplied by glutamine, which also supplied the
malate pool via malic enzyme. At high concentrations, pyruvate is capable of passively
entering the mitochondrial matrix thereby bypassing the MPC. Vacanti et al. found that PDH
activity was maintained in Mpc knockdown cells, and glutamine-derived pyruvate was
metabolized to acetyl-CoA for lipid biosynthesis. However, the authors found a substantial
increase in the oxidation of fatty acids to supply acetyl-CoA upon Mpc knockdown. The
expression of MPC1 likely affects the fuel choice of tumors in vivo. Rutter and colleagues
observed that MPCL1 is deleted or underexpressed in multiple cancers, which correlates with
poor prognosis (Schell et al., 2014). Reintroduction of MPC1 and MPC2 into tumor cells
promoted pyruvate oxidation with no obvious effects on growth in adherent culture.
Anchorage-independent growth and stem-like properties, however, were dramatically
reduced. Collectively, these studies demonstrate that the mitochondrial pyruvate carrier is a
major determinant of cancer cell metabolism, and its expression dictates the fuels used to
feed the TCA cycle and produce associated metabolites.

Cell-extrinsic regulation of metabolism

While cell-intrinsic metabolic regulation can affect the dependence of cancer cells on, and
the use of, particular nutrients for growth and proliferation, the tumor microenvironment
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influences the availability of those nutrients. While the metabolism of cancer cells has been
extensively characterized, less is known about the metabolic alterations that occur in the
tumor microenvironment. In this section, we discuss how cancer metabolism is affected by
cell-extrinsic factors in the tumor microenvironment (Figure 2), and the current knowledge
about the metabolism of the microenvironment itself.

Nutrient availability—The availability of nutrients may affect tumor metabolism in vivo.
Diet-induced insulin resistance can significantly increase the levels of blood glucose and the
activity of the PI3K/AKT pathway in tumor cells, which increases glucose uptake. Indeed,
Gunter et al. found that patients with high fasting insulin and glucose levels had a
significantly increased risk of breast cancer (Gunter et al., 2015). Additionally, dietary
limitation may slow tumor growth in vivo. Maddocks et al. found that feeding mice a diet
lacking serine and glycine significantly impaired tumor growth (Maddocks et al., 2013).
Furthermore, tumors may exhibit regional nutrient limitation. While some tumors are well
vascularized, others demonstrate areas of poor perfusion, leading to decreased availability of
certain nutrients and oxygen. In response to nutrient limitation or cellular stress, cells digest
their organelles and macromolecules in a process known as autophagy. In this process
organelles, proteins or protein aggregates are sequestered in a double membrane structure
known as an autophagosome and targeted for degradation by the lysosome, resulting in the
recycling of amino acids, lipids and nucleosides for cellular biosynthesis. The activity of
autophagy is typically low in most tissues; however, it increases in response to various
stresses. One of the most potent inducers of autophagy is nutrient deprivation, which induces
autophagy through suppression of the mTOR pathway (Neufeld, 2010). Unsurprisingly, the
activity of autophagy is increased in tumors, especially in nutrient-deprived regions
(Degenhardt et al., 2006). Indeed, basal autophagy is particularly high in pancreatic cancer
and is required for tumorigenesis (Yang et al., 2011). Perera et al. found that the MiT/TFE
transcription factors are constitutively nuclear in pancreatic cancer and drive a lysosomal
biogenesis program to promote autophagy (Perera et al., 2015). Nuclear translocation of
MIT/TFE factors occurred despite intact mTOR signaling, which normally promotes
cytoplasmic retention of these proteins. Furthermore, the authors found that MiT/TFE-
dependent autophagy-lysosome activation was required for the maintenance of intracellular
amino acid pools, which is likely especially critical in vivo under the nutrient poor
conditions found in pancreatic cancer. The recycling of amino acids, fatty acids, nucleotides,
and ATP supports cellular survival when these metabolites are limiting. However, in many
tumors, the mTOR pathway is hyperactivated due to oncogenic signaling, which suppresses
the activity of the autophagy pathway and the ability of cells to degrade both intracellular
(macroautophagy) and extracellular (macropinocytosis) macromolecules. Thompson and
colleagues found that under conditions of nutrient limitation, mTOR suppression actually
increases tumor cell proliferation by enhancing lysosomal degradation of internalized
protein through a mechanism that was distinct from its regulation of autophagy (Palm et al.,
2015). The authors found that the well-vascularized portion of mouse pancreatic tumors was
proliferative while the poorly vascularized portion was not proliferating. Treatment of mice
with rapamycin suppressed the proliferation of the well-vascularized region of the tumor,
but dramatically enhanced the proliferation of the poorly vascularized region. These studies
demonstrate that lysosome-mediated substrate degradation is an important catabolic process
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to supply amino acids, and potentially other macromolecular precursors, in pancreatic
cancer.

Oxygen availability—In addition to nutrient deprivation, tumors experience periods of
low extracellular pH and hypoxia. Hypoxic areas, or areas of low oxygen, arise when
oxygen consumption exceeds the supply (Vaupel and Harrison, 2004). In normal tissues,
oxygen is supplied to match the metabolic requirements of the cells. However, the oxygen
consumption in many tumors exceeds the supply, resulting in inadequate oxygen availability
in some areas of the tumor. Tumor cells that are beyond the oxygen diffusion distance (> 70
um from blood vessels) can rapidly exhaust the oxygen supply (Vaupel, 2004). In addition,
tumor blood vessels are usually dilated, irregularly organized, and less functional. One
mechanism by which cells adapt to hypoxia is activation of hypoxia inducible factors
(HIF1a and HIF2a), which are kept at low levels in the presence of oxygen by von Hippel-
Lindau protein (VHL)-mediated degradation (Semenza, 2012). In hypoxic conditions, HIF
proteins are stabilized and regulate a number of genes including those involved in
angiogenesis and glycolysis (Semenza, 2012). Because oxygen is the terminal electron
acceptor during electron transport, limited oxygen availability impairs ATP synthesis. To
compensate for this, HIF proteins upregulate glycolytic enzymes to maintain ATP levels.
However, defective vasculature likely fails to deliver adequate nutrient supplies as well, and
a failure to maintain ATP levels is the likely explanation for the necrotic regions observed in
many tumor types (Zong and Thompson, 2006).

Recent studies have advanced our understanding of metabolic responses to hypoxia beyond
the regulation of glycolysis by HIF proteins. The regulation of serine metabolism under
hypoxia has recently been identified as an important mediator of cell survival. Ye et al.
found that the mitochondrial enzyme SHMT2, which metabolizes serine to glycine to
generate one carbon units in the folate cycle, is induced under hypoxia and is critical for
maintaining NADPH levels and redox balance for survival (Ye et al., 2014). The hypoxic
regulation of SHMT2 was also examined by Kim et al., who found that SHMT2 and the
glycine cleavage enzyme GLDC were highly expressed in the pseudopalisading cells
adjacent to necrotic foci in glioblastoma multiforme (Kim et al., 2015). SHMT2 was critical
for hypoxic cell survival, but imposed a dependence on GLDC activity for glycine
clearance, as excess glycine can be metabolized to the toxic byproducts aminoacetone and
methylglyoxal. Thus, mitochondrial serine metabolism is critical for adaptation and survival
under hypoxia.

Hypoxia also supports the production of fatty acids from acetate. ACSS2 is regulated by
both low-oxygen and lipid-depleted conditions. Schug et al. found that nearly 40% of
invasive ductal breast carcinomas have high expression of ACSS2, which allows them to
utilize acetate for acetyl-CoA production (Schug et al., 2015). ACSS2 was upregulated in
hypoxic regions of tumor xenografts and was transcriptionally controlled by synergy
between HIF and SREBP transcription factors. Hypoxic induction of ACSS2 increased the
incorporation of acetate into lipids. Normal plasma acetate levels are low (50-180uM)
(Skutches et al., 1979; Tollinger et al., 1979) and are generated by gut microbes, liver
ketogenesis, or ethanol metabolism in heavy drinkers. The contribution of gut microbiome-
produced acetate to colon cancer growth is an intriguing possibility that remains to be
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explored. Furthermore, a shift in the composition of the gut microbiome toward higher
acetate-producing species may increase serum acetate levels and promote tumorigenesis at
distal sites in patients with ACSS2 overexpression.

Mashimo et al. found that patient glioblastomas derived less than 50% of their acetyl-CoA
pool from glucose (Mashimo et al., 2014). Intriguingly, brain metastases derived from
organs that do not demonstrate acetate uptake by 11C-acetate PET also oxidized acetate,
suggesting it was an acquired property of tumor cells or adaptation to the brain
microenvironment. Acetate was found to label the mitochondrial acetyl-CoA pool and can
be used for ATP synthesis. Tumors were found to oxidize both acetate and glucose but not
glutamine, and express ACSS2. Together, these studies suggest that acetate may supply both
cytosolic and mitochondrial acetyl-CoA pools for both lipid/cholesterol synthesis and ATP
production under hypoxia or when other substrates are limiting.

Composition of the stroma—The composition of the tumor stroma may affect the
metabolism of the cancer cells in a variety of ways (Figure 3). The tumor microenvironment
is composed of fibroblasts, immune cells, adipocytes, and/or endothelial cells that must co-
exist with the tumor cells under conditions that may be nutrient limiting. Depending on the
metabolism of these different cell types, they may compete with the tumor cells for
metabolites, or they may work together with the tumor cells in a metabolic symbiosis to
support their growth. Interestingly, the metabolic microenvironment may provide a
disadvantage for immune effector cells, whose metabolism closely mirrors that of tumor
cells (Wang et al., 2014). For example, naive T-cells rely mainly on fatty acid oxidation and
limited glycolysis to fulfill their energy requirements. Upon stimulation, activated T
lymphocytes dramatically increase aerobic glycolysis and glutaminolysis, while decreasing
lipid oxidation to support cell growth, proliferation, and cytokine production (Wang et al.,
2014). Furthermore, the metabolism of Tregs, the immunosuppressive T-cell population that
is increased in many tumors, is predominantly mitochondria-dependent oxidation of lipids
and other metabolites (Wang et al., 2014). Additionally, forcing proliferating T cells to
oxidize fatty acids enhances Treg differentiation. Therefore, the nutrient-limiting
environment in tumors may promote immunosuppression due to competition for nutrients.

By contrast, tumor cells may reprogram the metabolism of cancer-associated fibroblasts
(CAFs), resulting in metabolite exchange between the two compartments to support tumor
cell growth (Romero et al., 2015). Zhang et al. found that during the transition from naive
fibroblasts to CAFs cells switch from oxidative phosphorylation to aerobic glycolysis, which
was mediated by downregulation of IDH3a and HIF-1a stabilization (Zhang et al., 2015).
Treatment of fibroblasts with TGF-1 or PDGF could induce this metabolic switch,
suggesting that these growth factors may play a role in the metabolic reprogramming of
CAFs by tumors. Metabolites that may be exchanged between tumors cells and CAFs
include lactate, glutamine and cysteine, which may be taken up and used by tumor cells
(Romero et al., 2015). However, the contribution of CAF-derived metabolites to tumor cell
nutrient pools in vivo remains to be determined. Fibroblasts are not the only stromal cell that
could supply nutrients to tumor cells. Adipocytes are prevalent in kidney, breast and ovarian
cancer and they may supply fatty acids to tumor cells. Thus, tumor-induced metabolic
reprogramming of stromal cells may supply nutrients to tumor cells to support their growth.
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In addition, the stroma may affect the availability of nutrients and oxygen through its effects
on the tumor vasculature. Studies in pancreatic cancer, one of the most stromal rich tumor
types, have demonstrated that depletion of stromal cells using either pharmacological or
genetic mechanisms results in tumors that are much better perfused and have higher blood
vessel content (Olive et al., 2009; Rhim et al., 2014). Therefore, the cells within the
microenvironment can modulate the nutrient and oxygen availability through their effects on
the tumor vasculature.

In vivo measurement of metabolism provides novel insights

Recent technological advances have allowed for the measurement of metabolic pathway
activity in vivo in human patients. While 2-[*8F]fluoro-2-deoxy-D-glucose PET imaging has
long been used to image glucose uptake in human tumors, additional PET tracers are now
available to assay uptake of other carbohydrates, amino acids, fatty acids, and acetate (Lewis
et al., 2015). Furthermore, the fate of metabolites in vivo can be examined using
hyperpolarized substrates such as glucose, pyruvate, fumarate, and others (Brindle, 2015).
Recently, Sellers et al. infused patients with early-stage NSCLC with uniformly 13C-labeled
glucose prior to tissue resection to identify that tumors had enhanced pyruvate carboxylase
activity compared to normal lung, which played an important role in TCA cycle
anapleurosis (Sellers et al., 2015). Most research on TCA cycle anapleurosis in cancer cells
has focused on the role of glutamine in cell culture. Given the importance of nutrient
delivery and the tumor microenvironment, such experiments may not faithfully recapitulate
the in vivo setting. Indeed, although Sellers et al. found that glutaminase was active in
tumors, the activity was not elevated when compared to normal lung tissue. Thus, in vivo
measurement of lung cancer metabolism has provided novel insight into the role of glucose
in TCA cycle anapleurosis.

Future directions

Moving forward, the transition from a reductionist, cell culture-based analysis of
metabolism to the direct measurement of tumor metabolism in vivo will provide greater
insight into the fuel choice of both tumor cells and stromal cells in their complex natural
environment. The interaction of cell intrinsic genetic and differentiation programs with cell
extrinsic factors including nutrient and oxygen availability, coupled with contact with
fibroblast, immune and other stromal cells will likely result in a very heterogeneous mixture
of metabolic states within the same tumor. Additionally, tumor cells and stromal cells may
compete for the same metabolite pools or instead form a metabolic symbiosis to support
each other’s growth. The ability to measure the levels of metabolites and activities of
metabolic pathways in these individual compartments will help distinguish these
possibilities. To date, even the most elegant analyses of tumor metabolism in vivo have
examined bulk tumor tissue comprised of a complex mixture of tumor and stromal cells.
Technological advances that allow for the examination of cellular metabolism in these
cellular compartments, as well as an in depth analysis of tumor heterogeneity as it relates to
nutrient and oxygen availability, tumor grade, oncogene/tumor suppressor mutations and
differentiation status will reveal the relative contribution of these parameters to tumor
metabolism in vivo.
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Cancer’s fuel choice. Cancer cells can take up glucose, glutamine, amino acids,
lysophospholipids, acetate, and extracellular protein and use these fuels to supply their pools
of macromolecular precursors for cellular proliferation.
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adequate nutrient delivery, glucose and glutamine are used as primary fuel sources to feed
glycolysis and the TCA cycle to support proliferation. Amino acid uptake supports protein
synthesis and other anabolic processes. (Right) Under conditions of poor nutrient delivery
the cell relies on alternative fuel sources including lysosomal degradation of both
intracellular cargo and extracellular protein obtained via macropinocytosis to supply
intracellular amino acid pools. Fatty acid pools are obtained via scavenging
lysophospholipids and de novo synthesis via acetate-derived acetyl-coA.
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Figure 3.
The interaction of tumor cells with the microenvironment can be symbiotic or competitive.

(Left) Metabolic symbiosis may occur between tumor cells and fibroblasts, whose
metabolism may be reprogrammed by tumor cells due to secretion of growth factors (GF) or
other signaling molecules such as exosomes (Exo). Fibroblasts may feed lactate, amino
acids, and other metabolites to tumor cells. Lactate produced from fibroblasts via glycolysis
may be taken up by tumor cells, converted to pyruvate, and metabolized in the TCA cycle.
Amino acids such as glutamine may also be supplied to tumor cells following autophagic
breakdown of fibroblast protein. Furthermore, fibroblasts may take up cystine from the
microenviroment and reduce it to cysteine, which tumor cells use to make glutathione and
protein. (Right). Tumor cells and activated T-cells compete for glucose and glutamine,
which they both need for proliferation. This can result in an immunosuppressive
environment if T-cell proliferation is inadequate.
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